Abstract: (R)-2-hydroxy-3-phenylpropionic acid (PLA) is an ideal antimicrobial compound with broad-spectrum activity against a wide range of Gram-positive bacteria, some Gram-negative bacteria, and fungi. We studied the bioconversion of phenylpyruvate (PPA) to PLA using whole recombinant Escherichia coli cells in a series of buffer/organic solvent systems. Octane was found to be the best organic solvent. The optimum volume ratio of the water phase to the n-octane phase, conversion temperature, substrate concentration, and cell concentration were 6:4, 40 °C, 12.5 g/L, and 30 g/L wet cells, respectively. Under the optimized conditions, the average PLA productivity in the aqueous/ n-octane system was 30.69% higher than that in the aqueous system, and 32.31 g/L PLA was obtained with the use of a stirred reactor (2-L scale). Taken together, our findings indicated that PLA biosynthesis was more efficient in an aqueous/n-octane biphasic system than in a monophasic aqueous system. The proposed biphasic system is an effective strategy for enhancing PLA yield and the biosynthesis of its analogues.
Introduction
(R)-2-hydroxy-3-phenylpropionic acid (PLA) is an organic acid that is abundantly found in the products of lactic acid bacterial fermentation and in honey (Tan et al., 1989; Tuberoso et al., 2011) . PLA is an ideal antimicrobial compound with broad-spectrum activity against a wide range of Gram-positive bacteria, some Gram-negative bacteria (Dieuleveux et al., 1998) , and fungi (Ohhira et al., 2004) . PLA production by biocatalytic asymmetric synthesis has recently received extensive attention in industry and academia owing to its advantages of simple operation, high conversion, and high efficiency. PLA can be synthesized by many lactic acid bacteria (LAB) and some non-LAB such as Bacillus coagulans SDM (Zheng et al., 2011) and Propionibacterium spp. (Yu et al., 2014) . The synthesis of PLA using recombinant Escherichia coli has also been investigated in several studies, and the PLA yield obtained using recombinant E. coli ) is typically about 15.6 g/L (Zhu et al., 2015) . Some researchers have been successful in increasing this PLA yield using simultaneous saccharification and fermentation (SSF) (Kawaguchi et al., 2014) . Lactobacillus sp. SK007 produces 17.38 g/L PLA by substrate feeding and pH control (Mu et al., 2009 (PPA) and the inhibitory effects of PPA and PLA reduce the final yield of PLA. To overcome this problem, a biphasic system was designed to extract PLA from the aqueous phase for relieving the inhibitory effects of PLA and PPA in this study. So far, there has been no report on any suitable biphasic system to be applied to the biosynthesis of PLA using recombinant E. coli. Some studies have shown that the yield of the target product can be improved by increasing enzymatic activity (Kobayashi et al., 2000; Ni et al., 2013; Delbecq et al., 2016) , increasing the solubility of the substrate (Zou et al., 2013; Resasco, 2014) , and reducing the inhibitory effects of the substrate and products (Li et al., 2007; Wang et al., 2015) in an aqueous/organic solvent biphasic system. Li et al. (2007) reported successful increase in the concentration and e.e. (S) (enantiomeric excess of substrate) value of 2-octanol by reduction of 2-octanone in a water/n-dodecane biphasic system, which served to relieve the inhibitory effect of production (Sakdaronnarong et al., 2016) . Wang et al. (2015) also reported an increase in the production of cholest-4-en-3-one with the use of a biphasic system by solving the problem of low substrate solubility. The synthesis of cyclohexyl-α and β-D-glucoside, dehydration of xylose to furfural, and bio-resolution of epichlorohydrin have also been shown to be better in an organic solvent/buffer biphasic system than in aqueous solvents (Yi et al., 1998) .
In this study, we used recombinant E. coli pET-28a-ldh Y52V in a biphasic system to synthesize PLA from PPA using lactate dehydrogenase (LDH). The product PLA was partially moved into the organic solvent phase (Fig. 1) , which alleviated the inhibitory effect of PLA, thus enhancing the production of PLA.
Materials and methods

Strains and chemicals
E. coli pET-28a-ldh Y52V (Zhu et al., 2015) bearing the gene of Tyr52Val-mutated D-LDH was preserved in our lab. D-PLA and PPA were purchased from Sinopharm Chemical Reagent Co., Ltd. (Suzhou, China). The organic solvents were purchased from Qiangshun Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were of analytical grade.
Cell culture
E. coli pET-28a-ldh Y52V was cultured in LuriaBertani (LB) medium (10.0 g/L tryptone, 5.0 g/L yeast extract, 10.0 g/L NaCl; pH 7.0) supplemented with kanamycin (50 μg/ml) at 37 °C with shaking at 200 r/min. When the optical density at 600 nm (OD 600 ) value reached 0.6-0.8, 1 mmol/L isopropyl-β-D-thiogalactoside was added and induction culture was carried out at 25 °C with shaking at 200 r/min for 8 h. The cells were then harvested by centrifugation at 4 °C and 6000 r/min for 5 min and washed twice with phosphate buffer (0.1 mol/L, pH 7.0). 
Selection of the biphasic systems
The synthesis of PLA in different biphasic systems was conducted in 50-ml shake flasks. We suspended 10 g/L of wet cells in 10 ml of the reaction mixture containing 5 ml phosphate buffer (pH 7.0) with 40 g/L glucose and 5 g/L PPA, and 5 ml organic solvent. The catalysis process was performed at 37 °C and 200 r/min for 60 min.
Synthesis of PLA in a flask with substrate feeding
The synthesis of PLA in the aqueous/n-octane biphasic system was performed in 500-ml shake flasks. One hundred milliliters of the reaction mixture contained 60 ml phosphate buffer (pH 7.0) with 40 g/L glucose, 30 g/L cell, and 40 ml n-octane. At the beginning of catalysis, 5 ml of 250 g/L PPA was added into the biphasic system at 40 °C with shaking at 200 r/min; 5 ml of 250 g/L PPA and 2 g glucose were supplemented twice at 30 and 70 min during the process.
Synthesis of PLA in a mechanically stirred reactor
We used a 5-L reactor for the synthesis of PLA in a mechanically stirred reactor (Winpact FS-05). We inoculated 0.02 g/ml E. coli pET-28a-ldh Y52V in 4 L of LB medium supplemented with kanamycin (50 μg/ml) and cultured it at 37 °C with stirring at 200 r/min. When the OD 600 reached 0.6-0.8, 1 mmol/L isopropyl-β-D-thiogalactoside was added and the cells were cultured at 25 °C for 8 h. The cells were then collected by centrifugation and suspended in the 2-L biphasic system (30 g/L wet cells) containing 0.8 L n-octane and 1.2 L phosphate buffer with 40 g dissolved glucose and 25 g PPA. The conversion was performed at 40 °C for 150 min. The pH was maintained at 7.0 and the dissolved oxygen (DO) level was kept at 35% by automatically adjusting the stirring speed; the ventilatory capacity was 0.5 vvm (air volume/culture volume per min). The substrate was supplemented by feeding 100 ml of 250 g/L PPA. Glucose (40 g) was added into the reaction system at 30, 60, and 90 min. The aqueous and organic phases were separately subjected to high-performance liquid chromatography (HPLC).
Analytical methods
The concentrations of PPA and PLA were determined using an LC-20A chromatograph (Shimadzu, Japan) equipped with a Shim-pack VP-ODS C18 chromatographic column (Shimadzu, Japan); mobile phase A consisted of 0.05% trifluoroacetic acid solution and mobile phase B comprised 0.05% trifluoroacetic acid methanol solution. The flow rate was 1 ml/min. The ratio of B ranged from 10% to 100% between 0 and 20 min, was maintained at 100% for 3 min, ranged from 100% to 10% between 23 and 25 min, and was then again maintained at 10% for 5 min. The temperature of the column was 30 °C. The sampling volume was 5 μl, and the detection wavelength was 210 nm. The distribution coefficient was defined as PLA (PPA) in the organic solvent/ PLA (PPA) in buffer. The total concentration (C) of PLA was calculated as C (g/L)=(W A +W O )/V, where W A and W O indicate the quality of PLA in the aqueous and organic phases, respectively, and V indicates the total volume of the biphasic system. The molar conversion ratio was defined as mol(PLA)/mol(PPA)× 100%, where mol(PLA) and mol(PPA) denote the molar masses of synthetic PLA and consumed PPA, respectively.
Results and discussion
Selection of organic solvents
Generally, organic solvents have toxic effects on biological cells, which results in decreased biological activity. Therefore, in this study, we tested eight biphasic systems consisting of different polar organic solvents (methylbenzene, ethyl acetate, cyclohexane, n-hexane, n-octane, isoamylol, trichloromethane, and oleic acid) and phosphate buffer, and studied the distribution coefficients of PPA and PLA and their effects on the production of PLA by whole cells (Table 1) . As is evident from Fig. 2 , n-octane was found to be the best organic solvent (logP=4.5). In the aqueous/n-octane biphasic system, the distribution ratios of PPA and PLA were 0.40 and 0.37, respectively, and the conversion ratio (67.23%) was higher than that obtained using an aqueousphase system. Although the distribution ratios of PLA in aqueous/isoamylol and aqueous/ethyl acetate were better than that in aqueous/n-octane, the production of PLA was not increased due to the polarity and toxicity to cells. Part of the PLA produced migrated into the n-octane phase, and aggrandized cell membrane permeability, which decreased the inhibitory effect of PLA, and thus increased the yield of PLA.
Effect of the volume ratio of n-octane and the aqueous phase on PLA synthesis
The volume ratio of the organic and aqueous phases was defined as V o /V a , where V o is the volume of the organic solvent and V a is the volume of the aqueous phase. The V o /V a ratio would affect the distribution ratios of the substrate and the product as well as cell viability. In this study, the n-octane content ranged from 20% to 60%. When the volume fraction of n-octane was 40%, the concentration of PLA produced was 6.34 g/L and the conversion ratio was the highest (Fig. 3) .
Organic solvents are virulent to enzymes and microbial cells. The higher the volume of the organic solvent, the greater is the toxicity. An appropriate volume fraction of n-octane balanced the inhibitory effect of PLA and the toxicity of n-octane, thus resulting in an increase in the production of PLA in the biphasic system.
Effect of reaction temperature on PLA synthesis
Reaction temperature is a key factor in wholecell conversion as it can influence the activity of critical enzymes such as LDH. In a biphasic system, temperature is also a principal parameter as it influences the stability of the solvent phase as well as the reaction equilibrium (Zou et al., 2013; Resasco, 2014) . In this study, we varied the temperature of the conversion system in the range of 30-45 °C and found that the concentration of PLA and the conversion ratio increased with temperature (Fig. 4) . The PLA concentration was 6.76 g/L at 40 °C, which was 18.35% higher than that in an aqueous system; the conversion ratio was 72.23%. The change in reaction temperature also influenced enzyme activity and substrate dissolution: enzyme activity and substrate dissolution improved gradually as the temperature increased. High temperature adversely affects the activity of LDH and microbial cells. Therefore, the production of PLA decreased when the reaction temperature was over 40 °C. 
Effect of cell concentration on PLA synthesis
Cell concentration is directly related to reaction efficiency and enzyme quantity. When the substrate concentration is constant, an increase in cell concentration will result in a higher conversion ratio. However, higher cell concentrations reduce the production per gram cell (Resasco, 2014) . When 10 g/L PPA was added to the system, the concentration of PLA increased with increasing cell concentration. The PLA concentration and conversion ratio were the highest at 60 g/L cell concentration (Fig. 5) . However, at cell concentrations higher than 60 g/L, the PLA production per gram cell began to decrease, although the production and conversion ratio were not significantly affected. Taking into account the cost and efficiency of the process, a cell concentration of 30 g/L was determined to be optimum for further studies.
Effect of substrate concentration on PLA synthesis
PPA concentration is a significant factor that affects the production of PLA. Low PPA concentration will affect PLA production, but high concentration is toxic to cells (Zou et al., 2013) . Therefore, we investigated the effect of substrate concentration on the production of PLA in an aqueous phase system and an aqueous/n-octane biphasic system (Fig. 6) . When 12.5 g/L PPA was added to the conversion system, the PLA concentration in the biphasic system (9.7 g/L) increased by 14.11% compared with that in the aqueous phase system (8.5 g/L). PPA was toxic to cells at high concentrations and influenced cell activity; PLA concentration and conversion ratio decreased when the PPA concentration exceeded 12.5 g/L.
Biosynthesis of PLA by fed-batch in flasks
Under the optimized conditions, we added the substrate at 30 and 70 min and found that the PLA concentration increased to 20.98 g/L at 150 min, which was higher than that reported previously for PLA synthesis in an aqueous phase (Zhu et al., 2015) . In our study, the productivity was 8.392 g/(L·h), and the final conversion ratio was 85.13% (Fig. 7) . At the beginning of the reaction, the conversion reaction was rapid, PLA was synthesized rapidly, and the conversion ratio was high. After 100 min, the high PLA concentration had an inhibitory effect on the cells and the rate of PLA generation decreased.
Biosynthesis of PLA in a mechanically stirred reactor
Under the optimized conditions, the substrate was added at 30, 60, and 90 min. The PLA concentration peaked at 32.31 g/L at 150 min, which implied that the PLA yield increased by 54% compared to that achieved in the shaking flasks. The productivity was also boosted to 12.92 g/(L·h), which is higher than that reported in the latest study (Fig. 8) . In the mechanically stirred reactor, the DO was maintained at 35% and pH was maintained at 7.0 at all times. The DO provided adequate oxygen for whole-cell conversion and the pH level was most suitable for cell activity and could reduce the acid stress caused by PLA accumulation. Taken together, these results indicated that fermentation in a stirred tank was more suitable for PLA synthesis than that in a flask.
The PLA concentrations obtained using wholecell conversion in recent studies using aqueous monophonic systems are shown in Table 2 . From Table 2 , it is evident that the concentration and productivity of PLA obtained by whole-cell conversion in any of these previously reported studies are not high. Wang M et al. (2016) and Wang Y et al. (2016) achieved high PLA production using E. coli pET-28a-DLDH744 and recombinant E. coli BL21 (DE3), respectively, in aqueous monophonic systems, but the productivity of PLA was only 4.82 and 4.94 g/(L·h), respectively. This implies that a biphasic whole-cell conversion system can help obtain higher yield and productivity of PLA than an aqueous system. 
Conclusions
We studied the application of aqueous/nonaqueous biphasic system in the synthesis of PLA by recombinant E. coli pET-28a-ldh Y52V cells, and the conversion conditions were optimized. The presence of n-octane resulted in a partial transfer of PLA to the organic phase, which relieved the inhibitory effect of PLA. Under the optimum conditions, the production of PLA by fed-batch in an aqueous/n-octane biphasic system was significantly higher than that in an aqueous system. In the future, this method of synthesis of PLA in the aqueous/n-octane biphasic system can be applicable to scale-up of the PLA production. In addition, the aqueous/non-aqueous biphasic system can be applied to the production of PLA analogues.
